C hiari malformation Type I (CMI) is a neurological disorder radiographically defined by low-lying cerebellar tonsils that descend at least 3-5 mm below the foramen magnum (FM).
are thought to be related to direct compression of nervous tissue and CSF disturbances. Other manifestations such as aspiration, regurgitation, choking, dysphagia, abnormal vocal cord function, chronic cough, or sleep disorders are presumed to result from impaired oropharyngeal function or upper airway obstruction and are often neglected, despite being debilitating conditions that may even become life threatening. 8, 15 Surgical PCF reconstruction is the most effective treatment for CMI. However, intubation can be difficult in these patients and may increase risk for complications during surgical procedures. 23 Studying and understanding the oropharyngeal and oral cavity defects may help neurosurgeons and anesthesiologists to use a better approach for endotracheal intubation and PCF decompression.
The aim of this study was to analyze the largely unrecognized CMI secondary defects of the facial skeleton (viscerocranium) and subsequent anomalies of the nasal, oral cavity, pharyngeal, and laryngeal regions by performing an MRI-based morphometric study in a cohort of adult patients with classic CMI that was compared with a control group. To this end, we used the mathematical model proposed by Urbizu et al. to discern those patients with CMI with a reduced PCF, with 93% sensitivity and 92% specificity. 29 Given that all of these patients have in common a hypoplastic PCF, we also investigated whether these oropharynx alterations could be related to any of the altered PCF structures.
Methods

Ethical Considerations
All patients with CMI provided written informed consent prior to participation in the study. Control subjects were selected by the radiology service and were anonymized before their data were transferred to the research team. This study was approved by the institutional review board of Vall d'Hebron University Hospital of Barcelona.
Subject Recruitment
We selected 76 consecutive symptomatic adult patients who were evaluated at the Department of Neurosurgery, Vall d'Hebron University Hospital of Barcelona during the period 2004-2010 by 2 of the investigators (M.A.P. and J.S.) and who were diagnosed with congenital CMI after undergoing a cranial and spinal MRI study. Inclusion criteria were: 1) observation of tonsillar descent > 5 mm below the FM on midsagittal T1-weighted MRI, and 2) patients with classic CMI. To verify the presence of the hypoplastic PCF, we used the mathematical model previously described by Urbizu and colleagues 29 based on 7 PCF morphometric variables (distance from FM to corpus callosum, distance from FM to pons, Wackenheim angle, basal angle, osseous PCF area, basilar impression, and clivus length), where any result above the cutoff value of 0.55 classifies the PCF as hypoplastic.
This group included 47 women; the mean age of all patients was 42.1 ± 12.2 years (range 20-71 years). The most frequent signs and symptoms are depicted in Table  1 . Patients had been symptomatic for a median period of 7 years prior to diagnosis. The most common symptom in this cohort was headache (69%), which often featured neck pain (48% of those with headache). Symptoms potentially related to oropharyngeal dysfunction included dysphagia (24%), swallowing difficulties (17%), dysphonia (10%), and sleep disorders (49%). Other associated findings were syringomyelia (53%), hydrocephalus (29%), basilar impression (5%), retrocurved odontoid (12%), and neurofibromatosis Type 1 (18%).
The control group was composed of 49 individuals (30 women; the mean age of all patients was 35.2 ± 6.8 years) who underwent brain MRI after presenting with a clinically isolated syndrome suggestive of multiple sclerosis, and who were presumed to reflect the normal population in terms of PCF (none of these subjects showed tonsillar herniation ≥ 3 mm) and oropharynx morphology.
Morphological Measurements
The MRI data were acquired using a 1.5-T scanner (MAGNETOM Symphony or MAGNETOM Vision, Siemens) equipped with a circular polarized receiver head array coil. In all patients and controls, a sagittal, conventional spin-echo T1-weighted sequence was obtained (TR 450-600 msec, TE 12-20 msec, acquisitions 2). The sequence was obtained with 4-to 5-mm slice thickness and 0.1-0.3 interslice gap with a 144-256 × 256-384 imaging matrix, and 196 × 230-mm FOV. Oral cavity and pharynx MR images of all patients and controls were analyzed using the digital picture archiving and communication system (PACS) on a NUMARIS/4 syngo postprocessing workstation, version MR 2004A (Siemens).
To evaluate the oropharynx morphometry, the following 11 measurements of the oropharynx and oral cavity, including linear and surface parameters, were performed on the midsagittal T1-weighted image for each subject (Fig. 1) .
Oral Cavity Area
The oral cavity area was estimated as the surface delimited by the following boundaries: tip of the central incisor, a line following the maxilla and soft palate, epiglottis, vallecula, the most anterior and superior point on the body of the hyoid bone (representing the inferior part of the tongue), base of tongue, and genial tubercle (representing the most posterior point of the mandibular symphysis and the anteroinferior part of the tongue).
Tongue Area
The tongue area was estimated following the contour of the tongue where the boundaries are defined by the following points: tip of the tongue, vallecula, the most anterior and superior point on the body of the hyoid bone, and genial tubercle.
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Tongue Length
The tongue length was defined as a straight line running from the tip of the tongue to the vallecula. 
Anterior-Posterior Pharyngeal Cavity Diameter
The anterior-posterior pharyngeal cavity diameter was considered to be a straight line from the upper central incisor to the posterior pharyngeal wall, at the level of the tip of the epiglottis.
Vertical Airway Length
The vertical airway length was considered to reflect the length of the pharyngeal cavity and was defined as a line from the posterior nasal spine to the vallecula. 20 
Length of Soft Palate
The length of the soft palate was the distance from the posterior nasal spine to the uvula. 27 
Thickness of Soft Palate
The thickness of the soft palate was calculated on a line measuring the maximal thickness of the soft palate drawn perpendicular to the posterior nasal spine-uvula line.
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Narrowest Upper Pharyngeal Airway Diameter
The narrowest postpalatal airway diameter was a distance measured on a perpendicular line running from the uvula to the posterior pharyngeal wall line.
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Narrowest Middle Pharyngeal Airway Diameter
The narrowest middle pharyngeal airway diameter was measured as a perpendicular line from the most external point of the outline of the tongue to the posterior pharyngeal wall. 19 
Narrowest Lower Pharyngeal Airway Diameter
The narrowest lower pharyngeal airway diameter was estimated with a perpendicular line running from the most external point of the epiglottis to the posterior pharyngeal wall.
Level of Epiglottis
The level of epiglottis was considered to be the vertical distance from the tip of the epiglottis to the base of the odontoid process. The epiglottis and the odontoid process levels were established based on lines running from these structures to the posterior pharyngeal wall.
In addition, 7 PCF measurements related to occipital bone (supraoccipital length, anteroposterior diameter of FM, clivus length, osseous PCF area, anteroposterior diameter of PCF, basal angulation, and the Wackenheim angle) and 6 PCF measurements related to CNS anatomy (distance from the FM to the corpus callosum, fastigium, and pons; PCF area; PCF height; and tonsillar descent) were also measured in patients as previously described 29 ( Fig. 1 ) to study their possible correlation with the oropharynx measures that are significantly abnormal in patients with classic CMI.
Cephalometric analysis was performed by a single observer blinded to the clinical diagnosis. To evaluate intraobserver agreement for each morphometric method, we performed 2-way mixed intraclass correlation coefficients (95% CI) on repeated measures for all measurements in 15 randomly selected control subjects and patients. A high intraobserver reliability was found (coefficient > 0.7, range 0.69-0.99; p < 0.01).
Statistical Analysis
Statistical analyses of data are presented as percentages for categorical variables and mean values with their SDs for continuous variables. Parametric (ANOVA) or nonparametric (Mann-Whitney U) tests were used to compare: 1) continuous oropharynx and oral cavity variables between patient and control groups, and 2) altered oropharynx and oral cavity variables between patients with and without oropharynx symptoms. Parametric (Pearson) and nonparametric (Spearman's rho) correlations were used to study if the altered parameters of the oropharynx and oral cavity structures could be related to the reduced PCF in the patient cohort. Principal component analysis was performed to assess if the most altered oropharynx and oral cavity parameters could be directly related to the incidence of oropharynx symptoms reported by patients. All tests were 2-tailed and the level of statistical significance was initially set at p < 0.05. In the comparison analysis, the significant threshold was modified to p < 0.0045 after applying the Bonferroni correction for multiple comparisons. Statistical analysis was performed using SPSS 17.0 (SPSS, Inc.). Table 2 shows the average values of the 11 oral cavity and oropharynx measurements performed in both cohorts. After applying the most conservative statistical correction in the oropharynx and oral cavity analysis, patients showed statistically significant differences (p < 0.0045) with respect to controls in 2 measures. The soft palate was longer and thinner in patients compared with control subjects (Fig. 2) . We also observed a marked reduction in the oral cavity area and an epiglottal level that was lower and below the base of the odontoid process in patients (p < 0.05). However, we did not observe statistically significant differences in the diameter or the length of the pharyngeal cavity (taken as a measure of the vertical airway length) or in the pharyngeal airway diameters at their narrowest points.
Results
The correlation analysis performed between the altered oropharynx measured variables and the PCF parameters (selected to reflect the anatomy of the occipital bone and posterior fossa content) in the 76 patients with classic CMI produced statistically significant results (p < 0.01) ( Table  3) , osseous PCF area (g), distance from FM to fastigium (h), distance from FM to pons (i), distance from FM to corpus callosum (j), and PCF height (k) were used as PCF measurements. Yellow lines: the oral cavity area (1) was estimated as the polygon delimited by the central incisor (IT), maxilla, soft palate, epiglottis tip (E), vallecula (V), the most anterior and superior point on the body of the hyoid bone (AH), base of tongue, and the genial tubercle; the tongue area (2) was inferred from a surface delimited by tip of the tongue (T), vallecula, hyoid bone, and genial eminence (GE); the tongue length (3) was inferred from a line running from tip of the tongue to vallecula; and the anterior-posterior pharyngeal cavity diameter (4) from a line from central incisor to posterior pharyngeal wall (PPW) at the level of the tip of the epiglottis. B: The vertical airway length (5) was estimated as the distance from the posterior nasal spine (PNS) to vallecula. Soft palate measurements: length (6) from posterior nasal spine to uvula (U) and thickness (7) as the length of perpendicular line to posterior nasal spine-uvula line. C: Pharyngeal airway diameter: upper (8) from uvula to PPW, middle (9) from the most external point of tongue to PPW, and lower (10) from epiglottis tip to PPW; level of epiglottis tip (11) estimated as a distance from epiglottis tip to the base of the odontoid process. D: Length (6) and thickness (7) the oral cavity area and the anteroposterior diameter of PCF (r = 0.6); clivus length (r = 0.5); osseous PCF area (r = 0.4); PCF area (r = 0.4); the anteroposterior diameter of FM, distance from FM to corpus callosum, and distance from FM to fastigium (r = 0.3 for all 3); and between the length of the soft palate and the osseous PCF area (r = 0.3). In addition, a moderate negative correlation was observed between the thickness of the soft palate and the Wackenheim angle (r = -0.3) and between the level of epiglottis and distance from FM to corpus callosum (r = -0.5), distance from FM to pons (r = -0.4), and PCF height (r = -0.4).
None of the oropharynx measurements showed significant differences when the patients with CMI with and without oropharyngeal symptoms (dysphonia, dysphagia, and sleep apnea) were compared. Only the length of the soft palate approached but fell short of significance (p = 0.072), being longer in patients with CMI with oropharynx symptoms (results not shown). The PCA based on measurements related to the soft palate suggested a certain degree of separation between the CMI cohorts with and without symptoms, with the soft palate length being the main explanatory parameter (accounting for 66.5% of the global variance; Fig. 3 ).
Discussion Posterior Cranial Fossa and Oropharynx and Oral Cavity in CMI
Chiari malformation Type I is a disorder typically characterized by hindbrain overcrowding into an underdeveloped PCF due to a hypoplastic basioccipital bone.
2,14,21,24,29
The majority of morphometric studies performed in CMI have focused on measuring different PCF parameters to demonstrate this mechanism as the cause of the tonsillar herniation. In contrast with these craniospinal adult CMI morphometric studies, the present study was only performed in adult patients with classic CMI. Furthermore, it was focused on the anatomy of the oropharynx and oral cavity to improve the characterization of these patients with classic CMI and to help understand symptoms and complications related to upper airway obstruction that are often encountered in these cases.
The retrospective analysis of 76 adult patients with classic CMI and 49 control subjects provided evidence that the oropharynx and oral cavity are also abnormal in these patients. Additionally, our results suggest that these abnormalities could be an anatomical adaptation as a consequence of an underdeveloped PCF. This is relevant as an additional mechanism accounting for the increased risk of secondary symptoms in CMI such as respiratory and deglutitory complications, sleep disorders, and also the occasional difficulties encountered during tracheal intubation. 10, 23 The occurrence of oropharyngeal difficulties is well known in Chiari malformation Type II. [4] [5] [6] 26 Although they have also been reported in CMI, 21 they have received little attention and the scarce reports have mostly focused on pediatric cases. 8, 15 Tubbs and colleagues 28 described a thinner midline superior pharyngeal constrictor muscle in 30 CMI pediatric patients with absent gag reflex using T1-weighted MR images; they suggested this alteration could be a possible cause of the oropharyngeal dysfunction in these patients. In our study, we did not analyze the thickness of the posterior pharyngeal wall. However, we found additional alterations that could also explain the oropharyngeal dysfunction present in some adult patients with CMI.
The present results support previous work by Marín-Padilla, 15 showing that pediatric patients with CMI have a small oral cavity as well as a longer and compressed soft palate. However, the larger tongue size in patients with CMI observed by Marín-Padilla was not found in the present study. In addition, we did not observe elevation of the larynx or epiglottis. These differences could be explained by the morphological changes that occur in the pharynx between childhood and adult life. 12 The presence of a thinner soft palate in the patient group could be attributed to the tongue pressure against the soft palate as a consequence of a reduced oral cavity, which may hinder the development of its full thickness and length. Indeed, our results indicate that the oral cavity area is the parameter more closely related to the PCF (osseous and neural structures), whereas the soft palate is related only to clivus length, osseous PCF area, and Wackenheim angle.
Conversely, the level of epiglottis relates to the parameters used to assess neural structures. Quite surprisingly, no correlation was observed between any of the oropharynx measures and the magnitude of tonsillar descent. The moderately significant correlations found between the altered parameters of the oropharynx and the parameters of the PCF related to the occipital bone (because the occipital hypoplasia is the main cause of shallow PCF) Distance from tip of epiglottis to odontoid base (mm)
9.6 ± 9.4 6.3 ± 7.5 0.02 -= not applicable. * Average values (mean ± SD) are indicated for the 11 measurements. † Statistical significance was modified to p < 0.0045 after applying the Bonferroni correction for multiple comparisons.
( Table 3 ) could indicate, as suggested by Marín-Padilla, that oropharyngeal defects in Chiari malformations are secondary deformities that result from the adaptation of the facial skeleton to a primarily short and lordotic axial basicranium.
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Craniofacial morphology is an important determinant of airway pathology. 19 It is known that an increase in the soft palate thickness and length predisposes individuals to partial or complete upper airway obstruction, and may be related to snoring duration or development of obstructive sleep apnea.
1 Also, a lower larynx position may result in a longer collapsed segment of the upper airway and thus greater risk for obstructive sleep apnea. 31 Sleep disorders and nocturnal respiratory abnormalities are frequent symptoms in patients with CMI.
7 Although these can be produced by different neural dysfunctions, our findings suggest that an abnormal craniofacial structure may contribute to their occurrence in CMI. This is supported by the recent findings of Guerreiro et al., who described a smaller upper airway anteroposterior diameter in patients with CMI with sleep respiratory disorders. 9 The anatomical features that predispose individuals to upper airway obstruction during sleep can also pose significant difficulties during the patient's intubation. 11 The pharyngeal muscle tone that protects the airway is diminished both during sleep or anesthesia, as a result of decreased cortical influences and chemoreceptor drive, together with modulation of mechanoreceptor input. These changes may predispose an individual to partial or complete upper airway obstruction, particularly in those with already narrow and/or compliant upper airways. 11 We did not observe changes in the upper airway diameter. However, if a long soft palate can indeed facilitate obstructive sleep apnea, then respiratory problems should also be expected during anesthesia.
On the other hand, dysphagia in patients with CMI has been reported to occur as a result of traction of the lower cranial nerves, secondary to the cerebellar herniation.
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However, because the soft palate serves as a mobile flap to prevent food and water from entering the nasal passages during swallowing, we also suggest that an elongated soft palate could be prone to hanging in front of the airway or
FIG. 2.
Graphs showing the differences in oral cavity and oropharynx measurements between adult patients with CMI and control subjects. The box plots denote the ranges of the measurements with statistically significant differences: oral cavity area, soft palate length, soft palate thickness, and level of epiglottis. Boxes indicate ± 1 SD and include the mean value (thick line); whiskers indicate ± 2 SD. Dots depict subjects with measurements > 2 SD. Figure is available in color online only.
falling into the larynx during inhalation and producing the swallowing problems found in some patients with CMI.
Although soft palate abnormalities seemed to cluster in patients with symptomatic CMI (Fig. 3) , we did not observe a statistically significant correlation between specific cephalometric measures and oropharynx-related symptoms. It should be noted, however, that this was a retrospective study where information on symptoms was not available for all of the subjects and it was based on subjective reports. Additional limitations were sample size and lack of sex matching (hence, interference of sex-related size differences cannot be ruled out). Prospective studies that include objective measures, such as polysomnography parameters, are needed to either prove or disprove our conclusions.
Clinical Applicability of the Study
Assessment of difficult airway function in patients begins with a comprehensive history and physical examination. Knowledge of the complications associated with the diagnosis of CMI can help anesthesiologists approach intubation cautiously and to be ready for long-blade laryngoscope or stylet use, or small-size endotracheal tubes, during the procedure.
Strengths and Limitations of the Study
In this retrospective study, we analyzed a relatively large and homogeneous cohort of patients: 76 symptomatic cases with a conservative definition of CMI, tonsillar descent > 5 mm (mean = 11 mm), and documented PCF hypoplasia. Patient and control cohorts were selected with identical male/female ratios. Individuals younger than 18 years were excluded to minimize age-related changes in the skull size and oropharyngeal structures. However, the mean age in the CMI and control groups was not matched (42.1 vs 35.2 years, respectively). Although soft oropharyngeal tissues could be altered with the age of the patient, 13 we expect that these small age differences are not a factor underlying the differences found in the soft palate. On the other hand, a single midsagittal T1-weighted MRI slice was used for the morphometric measurements in the study. Slice orientation may not have been optimally placed at midsagittal plane, and small alterations in slice positioning could affect the measurements. Also, the tracheal diameter measurements were only obtained for the same single sagittal slice. Ideally, these measurements would be obtained by cutting orthogonally across the airway.
Conclusions
Adult patients with classic CMI were found to have several differences in the oropharynx and oral cavity morphology compared with a sex-matched control population. The most significant of these morphological differences was that patients with CMI had a longer and thinner soft palate; this factor may explain in part the respiratory complications, dysphagia, and swallowing problems that are often encountered in CMI. Prospective studies focused on objective pharyngeal functional measures will determine whether a correlation can be established between the altered structures we have identified and specific oropharyngeal symptomatology.
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FIG. 3.
Principal component (PC) analysis plot depicting the distribution of patients with CMI with and without oropharynx symptoms based on the significantly altered parameters of the oropharynx and oral cavity. PC1 (66.5% of variance) was associated with the length of the soft palate, whereas PC2 (33.5% of variance) was mainly explained by the thickness of the soft palate.
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